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INTRODUCTION 
Recently , conductance measurements on the ionogenic (6) 
derivatives of triphenylchloromethane in l i quid sulfur dioxide 
(25 , 29 ) have been employed (29) in a quasi- quantitative 
analysis of the effect of benzene substituent on the ioniza-
t i on of the carbon- chlorine bond . In symbolic terms t his 
reduces to a study of the effect of substituent X on the ioni-
zation constant 11, , which characterizes the equilibrium 
~ 
bet ween the ion pair R .. Cl- and its parent molecule R ct 
viz . 
1{, 
--Rce ___. Rt a· 
- (1 ) .. 
where , R w X-(C,Hs)3 C 
X - 'H, I Cl .... etc . - I 
and by the law of mass action 
11. ;a 
I ["R:ce-l/cRceJ. ( 2) 
In an ionogenic solution , of course , t his ionization equili-
brium exists simultaneously with the following dissociation 
equilibrium 
{ 3) 
* Brackets r efer to activities . 
2 
where 
• (4) 
Conductance measuremen~ however , recognize only the 
free ions R+ and Cl- ; they do not distinguish between 
"""""' RCl and R.,.Cl .. , for the latter acts merely as an orienting 
dipole in the external electric field (9) and not as a l1. 
eltp 
charge carrier . Consequently, the equilibrium constantAwhich 
is evaluated from conductance measurements on ionogenic 
solutions involves both J{, and l{z as fol l ol-TS 
RCl a-. 
Here , 
h"t(, - (R•J [ ce·J Kz - : [1fcL} + (R~-] _, I + 11', 
or 
f(, - l{,ltp 
-
11'1 - 11,xp 
( 5) 
(6) 
(7) 
In order , to correlate structure in R wit h t( it is therefore 
i mport ant to be able to evaluate the dissociation constant H'l . 
] 
Although Equation 7 was derived by considering the simultaneous 
ionization and dissociation equilibria of a specific class of ionogens 
viz. the triph e n y lchloromethanes, it applies equally well to ionogens 
AB in general. Thus, in the general case we consider the equilibria 
AB + (Sa) 
where 
,........, 
11; 
[A+ B-} 
(2a) [II B J 
and 
rr;_ [IJ+J [ B-] 
......-... 
(4a) [A+ B-) 
2a 
3 
ff1 - values for ionogens are indirectly obtained from 
conductivity measurements (27 , 28 , 29) in liquid sulfur dioxide 
on a number of ionophores {6) which , owing to their ionic 
nature in the crystalline state, give rise to the dissociation 
equilibrium only . In other words, since for ionophores 
(AS] 1r 0 , we have by Equa tions 2a and 7 , f(, • oO and H;.rp : l{z, 1 
respectively . In particular, the f(z values which have been 
determined for a group of ionophores by means of the Shedlovsky 
method (34 , 35) are inserted in Bjerrum ' s equation (19) to give 
distances of closest approach between the ions in an ion pair . 
These distances, in turn , are resolved into their component 
ionic radii commonly known as the Bjerrum radii . If now (the 
ion pair of) an ionogen is composed of a cation and anion whose 
Bjerrum radii are known, one can then determine (29) ~ for 
the ionogen simply by a reverse application of the Bjerrum 
Equation. 
Contrary to the general experience with most solvents 
(24a , 35a) , the Bjerrum cationic and anionic radii in liquid 
sulfur dioxide are , surprisingly enough , almostidentical with 
t heir van der Waals counterparts (27, 28) . The identity 
breaks down , ho\';ever , for the large cations ( n-propyl) 
4 
W 
and (phenyl )3c+ - the Bjerrum radii of whic h are 1 . 9 and 
2. 8 Angstroms larger, respectively , than their corresponding 
van der Waals radii (28) . It has been suggested (28) that 
this discrepancy may be due to the neglect of ion size and 
4 
higher than first order approximation terms in the derivation 
(34) of the Shedlovsky equation from the fundamental equation 
of continuity . 
Accordingly , it is of interest to recalculate h(~ for 
ionophores containing the above two large ions on the basis 
of an equation which includes these effects . Recently , Fuoss 
and Onsager (14 , 15) and Fuoss (7 , 8) have , in fact , arrived 
at such an equation via the difficult solution of the extended 
equation of continuity which includes both higher order 
approxima tion terms and ion size . Moreover , their equation 
has been successfully applied (1 , 2, 3 , 10 , 11, 13 , 23 , 30) 
to a considerable number of ionophores in various solvent 
media . In particular , r(, , the l imiting equivalent conductance Jl,, 
and even the center- to- center contact distance ~ in the ion 
pair have been determined from the conductance data of a number 
of weakly associated ionophores . Unfortunately , however, ot 
values for the moderately associated ionophores encountered 
in liquid sulfur dioxide can not be accurately determined from 
this equation . This is due to the appearance in the equation 
of a difference term in which both minuend and subtrahend are 
of the same magnitude (10 ). Nevertheless, it is of interest 
to compare Jt, and ~ (g ff,-'} obtainable by this method 
corresponding to a reasonable ~value with values of these 
parameters previously determined by means of the classical 
Shedlovsky Method. 
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The ionophoric systems for which this comparison will be made are 
the following: tetraethyl ammonium bromide, tetra-n-propyl ammonium 
iodide, methylpyridinium picrate at 0.17 ± .02°C and triphenylmethy l 
0 perchlorate at 0.17 ± .02 and -25.40 ± .01 C. 
In order to elucidate the specific contribution of the new method 
to a more accurate determination of _/L0 and I~ it is instructive 
to review but briefly the application of past theories of conductance 
to the phenomenon of ion pairing. 
Review of Conductance Theories as Applied to Ion Pairing 
In keeping with the recent practice of Fuoss (7) we shall consider 
that the primary process in the equilibrium between free ions and i on 
pairs is the association of the former into the latter. Accordingly 
+s-we write the equilibrium for an ionophoric subs tance A as follows: 
(8) 
( -1) By the classical mass action law, the association constant t(A : h(4 
is given by the expression: 
(9) 
where the brackets again denote activities. On defining f 
as the fraction of solute present as free ions and f as 
6 
the activity coefficient of the free ions we have by 
further definition 
[A+] : [B·] : fcl (10} 
and 
[A~-J • te c ( 1-i). (11) 
As usual , fAa is assumed to be unity so that the classical 
mass- action constant ~ can be expressed as 
~ 1- { - J t1f2 c 
whence by simple mathematical rearrangement we obtain 
L 
t 
{12) 
( 13) 
With the aid of Equation 13 and appropriate expressions 
for '/I we shall now be able to analyze the basic differences 
among all the theories of conductance which have been applied 
to date to ion pairing . 
First in line is, of course , the Arrhenius Theory of 
Ionization {or non- association , f rom our present standpoint) 
in accordance with which I : ~ {t'f) - . 
'( A 
Here .A is defined as the equivalent conductance of the 
electrolyte at concentration C and Jt0 is the limiting 
7 
equivalent conductance corresponding to the hypothetical 
state c~o at which the ions are completely unassociated. 
This equation, incidentally, was originally derived on 
the supposition that interionic attraction among the free 
ions is negligible ; hence , it implies that f • I • Simple 
substitution of the expressions for ~t and { in Equation 
13 leads to the well kno~m Ostwald Dilution Law 
K'A ciA (15) 
which rearranges easily to the more familiar form: 
{16) 
From the form of Eq. 15 , however , in which KA C l is a 
ratio of the concentration of ion pairs (1- f )c to the 
concentration of free ions C { , there evolves the over-
simpli£ied picture that at any finite C , Jt0 is diminished 
only by virtue of the phenomenon of ion pairing . 
This rather primitive conception of ionic conductance 
(by ionophores in smenogenic (6) media) was later modified by 
Fuoss and Kraus (12) who , contrary to Arrhenius' choice of 
J\0 as the criterion for complete ionization, chose the 
expression 
s[cT (17) 
for this purpose . Equation 17 parallels the Onsager con-
ductance equation for the case of the hypothetically "completely 
i onized ele ctrolyte (/ ~ 1) n viz. 
where 
A = Ao - S{C 
S ~ c<Ao + f 
-1/z. ()(. • a. -z.o r 7 ~ 10s- r Dl) 
(18) 
(19) 
(19a) 
(l9b) 
and D , T and 'Y(. are the dielectric constant, absolute 
temperature and viscosity of the solvent, respectively . 
Moreover, c( and ~ are the theoretically derived relaxa-
tion and electrophoresis terms, r espectively , which have their 
origin in first order approximations of charge-charge inter-
actions among the free ions . 
By definition, 
..L: 
"6 
Consequently, on substituting Equations 17 and 20 into 
{20) 
L 
9 
Equation 13 we obtain the basic form of the Fuoss and Kraus 
(22) Equation 
\'There f is given by the Debye-Hiickel Limiting Law for 
solutions of a single 1:1 electrolyte: 
and 
k f = - f'' (c t)'fo ,_,,., 
p'-: l.fl'f]. !06 (DT)llz. 
(21) 
(22) 
(23) 
On comparing Equation 21 with Equation 15 we now observe 
that J\0 is diminished as a consequence not only of ion-
pairing but first order approximations of free-ion interactions, 
as \'/ell . 
The basic form of the Shedlovsky Equation strongly resembles 
Equation 21 and can be derived in a completely analogous 
manner when the criterion for complete ionization is chosen* 
to be 
A. : 
' 
A- s&rcf 
o A . 
0 
(24) 
* As Fuoss and Shedlovsky have pointed out (35), the 
limiting law for conductance, Equation 24 , could also have 
been derived from first principles if Onsager had computed 
resistance instead of conductance. 
10 
As before, vTe substitute Equations 20 and 24 in 13 to obtain 
the basic form of the Shedlovsky Equation viz • 
. A: Ao- S:tl.{cT- ~crf~. 
Ao 
(25) 
Use of Equation 24 extends the range of applicability of 
Equation 25 to higher concentrations but involves no basic 
theoretical correction of the Fuoss and Kraus theory of ion 
pai ring . 
Recently , ho\'rever , Fuoss and On sager ( 14, 15) have come 
for\lfard with a significant extension of the classical Debye-
HUckel and Onsager theories of conductance which takes into 
account bot h ionic size and higher order approximations of 
ionic interactions . The resulting conductance equation \'Thich 
has more recently been both simplified (8) and further extend-
ed (7) by Fuoss to include the effect of solution viscosity 
for bulky i onophores is: 
A "Ao - S[C + Cc."c + Tc - FcA 
where ~ has been defined before 
(26) 
["''.. /'(tA o.Ul /'( ] E= - " . ,,,.,. and 2.'302, ~ . c 0 {27) 
t1'~ T£).N 
-~ 
c I'Z s- D./( T (28) 
b: £). 
a, l>/tT (29) 
11 
"1* ~A, + ez (30) 
fJ : a."l:l. Jf...1 [h (b) + o. ft07'1 + 4 c~ a] 1 It C (31) 
IIPa .lf. - a.bP .J:!. r, 0170 +A !:!. a.J 
I i. c'/-a. 8 c'/a. r· c'lt. (32) 
h{b)= ( 33) 
and (34) 
Moreover , 1 ~ is defined as the electrostatic center- to -
center contact distance in an ion pair , 'R is the hydro-
dynamic radius of the bulky free ion and, E is . the electronic 
charge in e . s .u. units, ~ Avogadro's number and ~ the 
Boltzmann constant . 
Assuming the new criterion for complete ionization to 
be given by the expression 
A, =A0 - S,Jd' +£ci"';cf + 1ci- FctA (35) 
and substituting Equations 20 and 35 into Equation 13 finally 
yields the Fuoss-Onsager equation for ion pairing: 
A= A - S[i' + Eci kcl i- Tci- FctA- JLci{:A. o v{. • ,_, , < 3 6 ) 
12 
As Equations 27 through 33 show, and T are higher 
order i onic interactien terms the latter of which is also 
a function of the ion size parameter ~-
Incidentally , since the ions are no longer regarded as 
point charges , consistency demands that the Debye- Huckel 
limiting law for f be likewise corrected for ion size , viz . 
1J ~ - (3' (c t)Yl. (37 ) I + Ka 
where A' r and ~ are g i ven by Equations 23 and 28 , respective-
ly . 
1=- ..... is a viscosity function Nhich corrects for the 
increase in viscosity of the medium due to interference by 
bulky ions in the motion of the balancing counter ions . For 
v;eakly associated bulky ionophores in solutions for wh ich no 
viscosity values exist , the f CiA term is approximated by 
'Hhereas for moderately or highly associated 
bulky ionophores, such as covered by this \vork , this term can 
be entirely i gnored* - since it is then completely over-
shado\';ed by the association term . 
Basically , the extent of refinement of the recent 
Fuoss- Onsager method over the Fuoss and Kraus and Shedlovsky 
>:< Private communication from Prof . R. M. Fuoss 
13 
methods resides in the E and Ji terms in Equation 36. As has been 
pointed out, however, (2,7) Equation 36 is necessarily limited to dilute 
solutions in which ~a· <.t corresponding to maximum concentrations C 
of 10-3 -10-4 equivalents per liter for ionic dimensions of 5-10 Angstroms . 
Consequently, the E and :f terms are of opposite sign and therefore 
tend to compensate for one another. Thus, a comparison of the Fuoss-
Onsager with Shedlovs.ky methods reduces essentially to a quantitative 
evaluation of the extent of this compensation for it is clear that when 
the E terms cancel each other out comp l etely the two 
methods, in essence, coincide. 
Since Shedlovsky Jtc and t(A values have already been reported 
(28) for the ionophoric systems of this presentation, it will be more 
convenient to base the comparison of the two methods on the final values 
of these parameters as obtained from identicalsets of conductance 
data*. 
The computational procedure for obtaining ~~ 
corresponding to assumed values of C( i s described in considerable 
detail in the following sections. 
*The conductance data were supplied by~. P. Pappas of the Chemistry 
Department of Boston University. 
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Equations for Computation 
For pur poses of computational co nvenience , Equa tion 36 
( \'lith the viscosity term omi tted ) i s rear:;:anged to the 
follo ·wing form : 
Y -: Ao - f{A ~ (j (38) 
>~here j : A t 5 [cT - fd1 c. / - Jd (39) 
'j; -:: c if , A ( 40 ) 
* 
and -1= A ( 41) 
As before , f is Given by Equat ions 23 , 28 , and 37 and S , E , 
and J by Equations 19 and 27 t hr out;h 33 . The kno-vm 
par a • .1eters in tl ese equations consist of the universal con-
stants € , N, and k (whose actual values are those recently 
reco~Jended by the National Research Council (33 )) t he 
physical properti es of the solvent D and '1, and the 
external condition T. Values of D and ~ for liquid sulfur 
dioxide at T= 273 . 13 and 247 . 76°K have been obtained from 
the e1pirica l relations (27) 
(42 ) 
and 
/OIJO ~ :: Lf.O"J 0.0363 (T- Z73.t6) . ( 43 ) 
14a 
*Eq. 41 is obtained by combining Eq. 17 and 20 and setting I within the 
square root expression of Eq . 17 equal to~0 as a first order approximation . 
Thus, ~ on the left side of Eq. 41 is a second order approximation of the 
true value. It is possible to calculate an even more accurate ~ by com-
bining Eq. 20 with Eq. 35 (neglecting, of course, the viscosity term) and 
letting the 1~ on the right side of Eq. 35 be given by Eq. 41. Fuoss (10), 
however, shows that for solvents whose dielectric constants are less than 
about 20 the E and J terms in Eq. 35 tend to cancel one another. Consequently, 
Eq . 35 differs only slightly from Eq. 17 and a third order approximation is 
not likely to materially affect ~ . Although it is essentially the effect 
of the opposing E and J terms on the evaluation of ~ which is the primary 
objective of this work, it is nevertheless assumed that neither the E term 
nor the J term nor their difference will be appreciably changed in going 
from the second order approximation of ~ to the third order approximation. 
15 
These equations represent t he dielectric consta.1t data 
of Vierk (36 ) and the viscosity data of Luchinskii (31), 
respectively . 
I n terms of the knO\m values of the above parameters 
we ma y vTrite for S , .c. . f and J corresponding to T =273 . 33 
and 247 . 76 °K the following tuo sets of e quations : 
At T = 273.33°K 
S "' '3.0Z~J Ao + 316. 8'( 
( 19~ 
E :: 'I I. 'I 0 I A0 .,. ~ lj 1/. 2 ( 27' ) 
6.11q1 (c-1)1" 
J.,. 7.76''!ri07 a.(c'()1'- ( 3 7 ' ) 
7t:r. ~z7[s.ot9P fto' a .,.. 1.2f'!Jt ;o13a 1 - l.f1PJ"/0 19a "J 
(30 t ) 
f 0.C{07'f + (..302~ ~0 7.7ftt; I( IP "'a 1 A() 
f qn. S'f .,. 2..2H"t • to10a - I, ur: 8 {!ol7o t z.3PZ6~ (7.7tlfr;o~jj. 
At T = 247 . 76°K 
S = ~.7/2~Jt0 + 'l.lff.2() 
(19" ) 
E ; 7~t. oo't A - tt'lz. o~ 
0 
(27") 
( 3 7" ) 
.]" = 61f. ZB!' [ S:'Jf'l't r 106 a r [Jf)(Z r !o'J a 1 - !. 9bZ6 • 10 "'tl:t ( 30'' ) 
r P. 907'1 .,. ?.."JOZb _,,. f?.'f9tK ';o-aJ)A. 
+ 137.!7 .,. t. 7° 'f J < ;o '"a - fl /. lof! 0170 r Z:31lllj/7.'fM ¥ IP'tz.[/. 
16 
As is apparent from the linear form of Equation 38, 
~ and A(J are c;;iven directly by the slope and inter-
cept , respectively , of a plot of d vs X • Using assumed 
values for A 0 and a, , J and ;t are then evaluated 
from the experi.1ental A- C data given in Tables 1 through 
5 b,~- means of Equations 39 , 40 , 41 , 19 ' 27 ', 37 ' and 30' 
at T= 273 . 33°K or by Bquati ons 39 , 40 , 41 , 19" , 27" , 37" 
and 30" at T= 247. 76°K . 
Since the experiMental rnea.:mrements of C and ;L. are 
not ~~thout error , it is best to denote the individually 
cal o.ulated values of X and )j by x. 
" 
and X· , respectively . 
Generally, of course , these points ~ill not be directly 
on a straight line but rat 1er on ei t i1er side of it . A" and 
~ are then best estimated by m~ans of a least squares 
treatment of the X,· , X; point s as described in the next 
section. 
Least Squares Treatment of Data 
Asstuning that the errors in X,. and X· (which 
are traceable to experir1ental errors in the rav1 data ) 
follmi a normal distribution , the best straiGht line re-
presenting t!1e x, ' ~· points is t:.e least squares line: 
,.., ,.. y = ). ~X ( 44 ) 
\'lhich , of course , corr esponds to the theoretical equation 
( 38) 
It should be noted t hat inasmuch as Y , X , ,J, and { of 
Equation 44 are based on a limited number of error - pr one points 
t~.ey are '1 erely est_;_ ,ates of the co rrespon-
ding true X , f A 0 and r{,q in Equation 38 , the 
latter refer rin6 to the hypothetical case of perfectly 
accurate A-c data . By virtue of the fact that t h e sums 
- 2. ,., 1. X, -X,; ) and ( ~· - Y,· ) are of the s 1uared devi a tions 
minimi zed , the least s quares method selects for the four 
quantities in Equation 44 the best possible estinla t e s of 
their tru e counterparts in Equati on 38. 
Ana l ytical expres ~; ions f or .J , { and thei r estimated 
standard deviations ~ and ~ , respectively , have been 
der ived for the .;ene ral case of e r ror in both ,( an d X: 
on t he basis of Deming ' ~< pr ocedur e ( 4) . The Equations are : 
~ = i[ Lw;/.;.-a. . [w·'t - E~ £.. "-"} 4~ • -c. " 1: . w, '~ ( 45 ) ' w ,: l • 
~= [ LdX; · L:t~X L.~K~} J) r~, ( 46 ) 
" 
* It should be noted in ~ is connection t bat the least 
&Iuares e quation s for ~ and ~ wi ven by ~vorthing and 
G effner (38) are in serious er ror and 3hould therefore not be 
l.Eed . 
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I 
T 
= 
2:' .w~ X/ L: w;. ('X - -£ + L )\· /" 
.. . ' -=...___ __________ _ 
D 2:' w~ ?t-Z 
(47) 
D (48) 
where 
D = (49) 
and ·n.. represents the number of " observed" X~ l ~ ~ 
' } ~ is the familiar symbol representing the summation of terms 
following it and ~ are weighti ng factors associated with the 
' 
individua l x,, 'f; . 
19 
/eighting Procedures 
I n practice , w~ is a number assigned to each Xl , ~ 
poi nt that is inversely proportional to the uncertainty sur-
rounding t he de~nation of the point . I n stati stical 
terminology (4) LVi is defined as inversely proportional to 
S-t. X Y. the estimated variance , of ~ , i viz . 
(50 ) 
On comparill6 the \vei ght of any point X, , Y,. \:ith that 
of a reference point X It , Y, taken f rom the same group , , . .re 
obtain from Equation 50 
l 
w;· :: ~ 
~ s/· (51) 
I f ' nOv/ ' \,e ..::elect for X It ' ~ the point having the 
highest variance and arbitr arily assign to it the \reir;ht of 
unity (i . e . ~ =1) , then , by Equation 52 , 
a ll other points , i . e . 
'1. 
w; 
-
s ..... 
' S·., c 
"" s . .,. \There , ~ , • 
' 
tAr. ~ 1 for 
' 
( 52 ) 
In ter ms of a graphical picture , \ve imagine each point 
i n an a r ray to represent an avera;e of a number of additional 
points (or repeat measurements) . Associated \'i th each point 
there Hill then oe a characteristic esth1ated variance . If we 
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assi gn to the point of higheat variance a height (or index of 
iLlpor tance ) of onE:.. , all other points uill , by Equation 52 , 
asswne \·rei~nts ..;reater than one . The infl uence that these weighted 
points exert on the f i nal val ues of 4, ~' ~ and ~ is 
indicated in Equations 45 through 49. 
Unf ortunatel y , the experir.1ental data are such that , in 
r;eneral , there exists only a single .A/c corresponding to 
a given ; hence , the var iance of C,· , ..Ac: (or of 
x, ' X. \mich i ncorpor ates all possible sources of random 
error cannot be determined by the usual methods . Part of thi s 
diff i cult y might , no\lever , be circumvented oy assuming no error 
in ~· and error in _A,. due sol ely to the uncertaint y i n 
I' 
the specific conductivity ~ of the solvent vJhi ch is 
ascertained by repeat measurements on the latter . For example , 
_, I' 
the avera.;e .J of sixteen determinations of ~ \:hich 1·1ere 
carried out at the end of sixteen conductivity runs (26 ) is 
-7 - 1 foun<i to be 10 mhos x em • and t he s tandard deviation W 
cor~esponding to 95% confidence is 0. 9 x 10-7 mhos x cm- 1• 
Now, 
A -'*e. _I (Je-,J) ( 53 ) : 
-c c 
uhere ~e ~ and A' represent the specific conductivity 
Footnote~c : In tnis and all subsequent sections Ai vri.ll no 
lon~er refer to tne equivalent conductance of the f r ee ions 
as in Jection 2 but \Jill instead denote the equi vdlent con-
ductarlce of the ,; - tA experimental point . 
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of elect .rolyte , sol ution and solvL-nt , respectively. It is an 
experimental fact that as c decreases , .). , too , decreases 
( s ee Tables 1 - 5 ) but less rapidly tl ... an c v!llile A' re .. 1ains , 
of cour se , a constant term ah:ays less than A . It i s a pparent 
I~ /' f r om Equation 53 that as A A corresponding to C ~ 0 
the varianc e S.:: of J' propagates an increasingly greater 
~ ~ 
var i anc e ~ in A. Quantitatively , ~ can be easily 
').. 
evaluated from ~' by applying the Law of Propagation of 
Precision Indices (38 ) 
to ~quat ion 53 in u l1ich C and J, are considered free of error . 
The revultinc; equation beco·.1es : 
~ 
s = A 
l- * ~I 
~ne variance of an X, , ~ point subject to error in 
(55) 
X and Y ( for by Eliuations 39 and 40 both involve A ) 
S~ is denoted by 1 and can be ascertained by means of the 
following consideratio~s . 
I magine an "observed" point 'XJ" , Yj lying squarely on 
the least squares straight line 
* This is in accord with Dr . R. 1 . Kay ' s t entative rugge s tion (24} 
that A be 1·rei_;hted proportional to C 2 • 
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( 56 ) 
where ~ and ~ are fi rst order approximations *of ~ and 
~ , respe ctively . Then , 
'l 1 -~ + L, x, ::: 0. ( 57) 
I n 
so 
general , ho\ITever , x. , X 
' (, 
uill dev i ate f rom the line 
that 
~· -A. (58) 
vthere ~· # 0 . 
tJov; , let us substract from A. the esti:.rated standard 
' 
deviation S to obtain A.. * 
A, " 
Substitution of tn~se 
A.~< 
' 
and their corres ponding ~· in Equations 39 ~::..nd 40 
yielas a ne'l.: set of ~ ~:' , X· * point s 1·rhich \!hen inserted in 
Equati on 58 6ives 
( 59 ) 
Clearly , the effect of the standard deviation of A.· 
' ( \Thi ch is attributed entirel y to a constant err or in the 
solvent conductivity) on A';· , X· is given by the difference 
oet\'Teen Equations 58 and 59 , viz : 
*Convenient values f or ~ and t are the Shedlov s ky ./Lt> and KA 
values, respectively . 
# 
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s :: q - q ~ -= ( v. - I t I X·) - ( v" - / +- 1/ v .«) ],· fi th' li. Ao A.o ' 1i Ao -"'D ~'i ( 60 ) 
or 7· = r;. -t" + 
\Vi t h the aid of 
~(X -~~). l. 
Equati on 60 , lc'L ( = .s; ~ 
The point of highest ~ 
is evaluated 
for each )(. 
' 
vrhich , in 
view of Equation 55 , corresponds to the lm.'lest experi mental c 
is assi gned the \leie;ht of unity . Thus , by Equation 52 the 
desir ed set of ~. ( ) I ) is easil y obtained . Col umn 5 in 
' Tables 1 throu~h 5 reproduces the set of ~ calculated in thi s 
manner for each of five ionophoric systems . 
The tables clearly shovJ the expected trend in the un-
certainty of the data , namely ~ generally increases uhil e 
lAY. decreases with decreasing C. 1•10reover , the \·ride range 
' 
of ~ val ues suggest that the vast majority of the points 
corresponding to the l QU concentrations can have little or 
no effect on the nwnerical evaluctt i on of ~0 , ~ and 0 
sh': In the likely event that the X:· ' X· corresponding 
4 
to high C are subject to purel y random errors other t han the 
systematic error which we have sought to counteract by 
wei ghting , the evaluati on of the above parameters could con-
cei vably be in greater error than if all points vvere weighted 
equally ( i . e ~· = 1 for all X', 1 ~ ) . 
Accordingly , least squares calculations have also 
been carried out usin6 a less drastic although entirely 
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arbitrary weighting procedure . This last procedure differs 
from the first only by a factor of a square root as 
indicated in Column 6 of Tables 1 through 5. 
Finally , leas t squares calculations have also been 
carried out for the special case , ~ =1 . Here , obviously , 
all points are weighted eq ally . Of the three cases , the last 
is the most important one since we shal l be primarily con-
cerned with comparing the numerical values of A., , ~ , ~ , 
() 
and S~ with their Shedlovsky counterparts which had like-
~ 
wise been evaluated corresponding to w-: = 1 . 
' 
Met hod of Computation 
The paramet ers A 0 and f(q are calculated in the 
following manner : 
1 . An arbitrary though reasonable value of ct 
and an approximate value of J\.0 (est imated , for example , 
by means of the Shedlovsky method) are assumed . 
2. With the aid of these values the "Constants" S , 
E, and J are evaluated for T= 273 . 33°K using Equations 19 ', 
27 ' and 37 ', respectively , and forT= 247 . 76°K using Equations 
19", 2711 , and 37", respectively . 
3 . For each Ci , Jti one caloulates the correspond-
ing ~ and t via Equations 41 and 37 ', respectively for 
0 
T = 273 . 33 K and via Equations 41 and 37" 
4. For each gr oup of c. 
' ' 
A. 
" 
, 
next calculates the corresponding x. t and 
for T = 247 . 76°K. 
~ and J one 
~ using Equati ons 
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40 and 39, respectively. 
5. The complete set of xi , Yt points along with their 
appropriate ~ are then fed into the least squares equations 45 through 
49 to obtain A ~ ~o and 5114 • 
6. If the new ~ differs from the initial estimate by more 
than 7.. ~ , the calculation i s repeated until convergence is achieved. 
0 
Since the true value of the i on-pair parameter a is generally not 
known, it appeared of interest to ascertain the extent to which the 
arbitrarily chosen a value affects the calculated A., and KA values. 
Accordingl y, the calculations are carried out for six different £l 
values for each electrolyte system. Two of these £t values are represented 
vd;/ 
by the sum of the maximum* van der Waal s radii Cl~4~ and the Bjerrum 
flt 
parameter Cl :1 which had previously been evaluated f rom the Shedlovsky 
~ (28). 
*For the tetraalkylammonium ions the radii had been estimated (28) for the 
most extended conformations from known bond distances and angles and the 
van der Waals radius of hydrogen. For an ion of planar symmetry the radius 
was identified with the maximum van der Waals radius about the center of 
gravity as determined from known bond distances and angles and atomic masses. 
Thus, this radius defines a spherical r egion occupied by the rotating ion. 
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Conductance Data* and Least Squares Results 
The conductance data are given in Tables 1- 5. Each table 
combines the results of two to four conductivity runs per 
compound with each run covering from three to eight concentra-
tions . In addition, Tables l - 5 also supply the weighting 
factors which are based on constant error 
in the solvent conductivity. Data above 
moles per liter are not employed in the present treatment ; 
hence, no ~ , "'(or Jw;- 1 values are given for these points . 
In reality , many of these "high" concentration points fall 
within the range of validity ;(a, ~ .~ of the Fuoss- Onsager 
theory . In view of their exclusion from the Shedlovsky 
treatment , however, and because the primary purpose of this 
work is to compare the two treatments under identical conditions , 
points with C 7 5 x 10- 4 are therefore also excluded from 
the present analysis. 
* The conductance data (Tables 1 - 5) were supplied byO~. 
Peter Pappas of the Boston University Chemistry Department . 
The apparatus and basic laboratory procedures are described 
in earlier ~10rk ( 26 , 29) and experimental details can be found 
in Pappas ' Ph. D. dissertation. 
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The computational form (21) of the Shedlovsky Equation 
l;l 1ich is generally used in evaluating Ao and ff4xp from 
conductance data is : 
I cA{3.S f-a} 
': + (61) A S{1;) Ao Al. i?exr 0 
where , l 
S(~) G. r [t +~~ 1 = (62) 'Z.. 
l. ~ (o<'Ao t /).A}: f 1L c ' ( 63) 
and all the other symbols retain their usual signifiance . 
From the intercept and 
I versus 
slope of a least squares plot of 
C A f'l..S(r.) , best values for A
0 A S(c) v 
and r 'SKp and their estimated standard deviations had 
been previously obtained (6) . 
Nm·,r , for ionophoric solutions , ff;,f ~ n: and by 
definition 
(64) 
Moreover, on applying the Law of Propagation of Precision 
Indices to Equation 64 , we obtain : 
5 ::: 
'/(,. (65) 
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Consequently, the reported (28) Shedlovsky 
S'J( ~:c values are easily transformed into ~ 
r( and 
and sn: :!< 
4 
respectively . 'l'he latter pair of parameters are listed in 
Table 6 along with .A. and ~ 0 for each of five 
electrolyte systems . In addition, Table 6 lists for each 
11/ 
system the Bjerrum distances of closest approach <Z ~ \'vhich 
\'Tere calculated from the Shedlovsky via Bjerrum's 
Equation (Reference 19) . Finally, the sums of the van der l'laals 
vr/,W 
ionic radii a have also been included for purposes of 
comparison. 
* In Reference 28 , the precision indices of A 0 and h;. 
are given corresponding to the 95% confidence level . For 
purposes of comparison with the Fuoss- Onsager results, these 
values were all divided by 2. 1 - the average critical value 
for the'~tudent t" corresponding to 14- 25 degrees of freedam 
(40) - to yield the standard deviations 
thence, by Equation 65 , Sn: 
'A • 
s~ and 
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The r esults of the Fuoss- Onsager treatment were 
obtained with the aid of an IBM 650 computer . They are ass embled 
in Tables 7-ll for the case of no weighting , Tables 12-16 
for the case of weighting by the ~procedure , and Tables 17-
21 for the case of weighting by the JM1·7 procedure. I ncluded 
among the various assumed values of a, in Column l of each of 
the above Tables are the sum of the van der Waals radii 
vtfH/ 
(L . .. 
and the Bjerrum distance parameter ~ a, which had previously 
been calculated from the Shedlovsky ~ in Table 6 . For 
the sake of ready reference , the appropriate Shedlovsky values 
of Table 6 are repeated in each of Tables 7- 21 . 
s 
identified by the superscript S , e . g . A" 
They are 
rr:' etc . 
In Figures l - 5, typical sets of X- Y data are plotted 
vJW 
corresponding to the ~h~ of five ionophores . The three 
lines in each figure are least squares lines which correspond 
to the cases of no weighting , weighting by ~ and weighting 
by 
by 
• 
Note how the lines which represent weighting 
W: i gnore the great majority of Xj , '(,. 
l 
points corres-
pending to l ow concentrations . Since, in addition , the spread 
of the points about this line is no less than t hat about 
the remaining two lines , this weighting procedure seems 
rather unrealistically drastic . 
In order to facilitate t he ensuing discuss ion of the 
tables and graphs we shall abbreviate our ionophoric systems 
by the following notation: 
~ c ao, 
(cz llr)~t IV Br 
{n-t; fi7)Jt !Y 1 
11e Py,... Pic. 
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tripheny lmethyl perchlorate 
tetraethylammonium bromide 
tetra-n-propylammonium iodide 
methylpyridinium picrate 
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Discussion of Results 
As is indicated in Tables 7- 21 and further illustrated 
in Figures l - 5, wei ghting of the ~- ,. '>':· points affects 
Jto rather sliehtly, but ~ quite appreciably. This 
large eff ect on ~ reflects necessarily on a certain degree 
of variability in the original experimental A- c data . For 
if, hypothetically, all points coincided with the 
l east squares line, then no amount of weighti ng could possibly 
affect the estimated intercept A 0 and slope /~ • 
Figures l-3 and 5 further demonstrate a considerable 
spread of the points even at l ar ge )( corresponding t o 
relatively high concentrations . On the bas is of the a s sumption 
of constant error in the solvent conductivity alone , however, 
one would except relatively small deviations from t he least 
squares line at large )( (corr esponding to large C ) and a 
gradual fanni ng out of the points as X·~ 0 (or c ~ 0 ) • 
Obviousl y, even at t he rel atively high concentrations there 
exist r andom errors in t he experiment other than the constant 
error in the solvent conduct ivity. Consequently , the assumption 
of only a constant error in the solvent conductivit y is unrealistic 
and , therefore , no further importance is to be att ached t o r e sults 
based on the use of t he arbitrary w; and /u!j 1 weighting factors. 
In the event , however, that future measurements o:f A are 
repeated s everal t i mes for each concentration, one could then 
apply the weighting procedure as outlined on pages 2l - 23 to arrive 
at more reasonable {though still somewhat arbitrary) weighting 
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factors that are based on overall errors in Jt rather th~ just 
errors in the solvent conductivity. 
Although it would have been desirable to incorporate 
weighting factors in the calculations , the primary purpose 
of this vrork is , as has been stated earli ar, to compare the 
non- wei ghted Fuoss- Onsager results given in Tables 7- ll ~dth 
the similarly non- weighted Shedlovsky results given in Table6 
and repeated in Tables 7- 11. I-1oreover, while the true Fuoss-
ro 
Onsager distance parameter a which characterizes 
a given ionophore is not known initially, it is reasonable to 
~ ~w 
at least tentatively identify a With the maximum a.II)(J..JCas both 
* refer to ions in actual contact.. Accordingly, v1e can study t he 
comparison of Jl0 , and values obtained 
by the Shedlovsky method with those evaluated corresponding to 
Vt/rl 
elm ax by the Fuoss-Onsager method. (See Tables 6- 11 .. ) 
The following general observations can be made : 
fO 5 '~* S ~ S for all ionophores . 
A 0 /L, 
for all ionophores except fl1e. Py,,.. R·c 
Also, 
for which 
*Essentially, 
FO vdlv' 
a differs from a/nlfj. in that the former describes 
the internuclear separation of two ions in an ion pair whereas the 
latter refers to the internuclear separ ation of the same ions in a 
lattice environment of similar ions . (See also footnote on page 25 
*~{ Superscripts fo and 5 refer to Fuoss-Onsager and Shedlovsky, 
respectively. 
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• 
Thus,. the two methods differ essentially 
litt le in their sensitivity to experimental error . 
It should be noted i~ this connect ion that t he Fuoss-
On sager 
Ao and 
vs 'X n method (7,.,10 ,.l3} which not only determines 
but aF(.) as well , is extreme l y sensitive 
to experimental error (1,7). An attempt to apply t his method 
to the i onophoric systems of Table 6 was, in fact , made by this 
author but to no avail . The scatter of the 11 'X , 'f n points 
was so bad that the met hod had to be abandoned . 
FtJ 5 
2.. It is further observed that ..A.0 ·~ A 0 
and 
3 . 
ifO 
( It (corresponding to a 
w/W 
) < J{S' A 111tK 
for all ionophores . 
t(s 
That 
r(fO 
is sig~icant~y smaller than can, )f It 
in fact, be demonstrated by simple statistical procedures for 
~ c aolf 
55-57). 
, (cJ.~-)" !VI3r and (n-C3 H7)'~Nr at . 17°c. (See page s 
1/po vS 
For example, by t reating r IJI and r 'A as 
"' averages and applying either the simp~ Rossini-
*Strictly speakine, treatin.g ~ as averages is not a rigorously 
valid procedure for, in essence , one is comparing two quantities 
either directly or indirectly a ssociated with slopes. The test 
for a significant difference bet\'reen slopes (39) requires addit iona. 
information not i mmediately available to this author . For this s 
reason and the fact that the significant differences between ~ 
and Kf0 corresponded to better thaP 99/o confidence by the 
t- test, it was not deemed necessary to appl y t he statistical 
t est for s lopes .. 
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.,, 
Deming''' ru~e (3 2) , or the some\vhat more a ccurate Student 
t-Test~:'>:' it is found that the two sets of are inconsistent 
with one another. 
As regards 
the differences 
not sufficient 
Me Pyr p;, at o .~7°C and 93 cttfJr at - 25 .4°C, 
fo vJW ,/s 
between rCt corresponding to ctM~ and rt1-1 are 
to be classified as statistically significant!*,:: 
1 *>!'*::' A, c ; '0 In view of t he p anar structures of t he cation in r:1 '""' r 
and both ions in. Me Py,- Pic , however, one might well expect the 
>!'A~cording to the H.ossini-Deming ru~e t wo means are said to 
be inconsistent with one another if their difference is greater 
than twice the sum of their standard deviat ions . 
and are determined either directly or 
indirectly from slopes, the degrees of f r eedom assoc iated with 
each were c.10sen to be , Nhere 7V is the 
number of plottBd points in a given graph . 
***It will be tacitly assumed that a difference i n values 
is statistically significant only if it corresponds to a 
95% confidence level or better . 
>'~>:,,..=:>!'It has been pointed out by Gomes de I•Iesquita , et . al ( lll) 
that the phenyl groups in 9\ {_ ceol( are t vlisted about the bond 
to the central carbon atom ~hrough an ang l e of about 30o . Hence 
the structure is not exactly planar. 
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difference in ~ values to be somewhat enhanced- even to the 
point wh ere it might be possible to demonstrate the difference 
fO 
to be significant-provided ~ is calculated corresponding to 
a more realistic a value such as the average internuclear 
separation in the 
I/IIUI 
separation a.. 
t1UlX 
_ vdw 
lattice a rather than the maximum 
.. 
any given ionophore 
Tables 7-11 show, for example , that for 
•..-:fv 
n4 decreases comparatively rapidly with 
decreasing assumed values of a while St(.fo remains essentially 
- Vt/W ~ d.W 
unchanged . That Cl. is considerably le s s than a,CJ( far a 
planar ionophore can be inferred from the following rather 
qualitative consideration of the semiplanar %CctO'r' . 
It is generally accepted that in a solution as well as in 
many solids near room temperattre ions rotate in an infinite 
number of \'lays . Basically, however , one imagines a typical 
rotation to be the resultant of simultaneous rotations about 
three mutually perpendicular reference axes .. J·~.ssuming that 
rotations about the three axes are equally probable one may 
devise an alternative picture according to which at any given 
moment onethird of the i ons rotate about one axis and the 
remaining t'l.'IO thirds about the other t\'10 axes . Since Cl~­
has a tetrahedral structure its rotation about any one axis 
can be taken to generate an approximately spherical volume;. 
hence ClO't- is properly labelled as a spherical anion, its 
van der Waals radius /l vlr-1 being 3~ • cf3 [+- ~ wnile it is not 
exactly planar can be assumed to generate a'bylindricar~volume (for 
o dw 0 haJf-thickness 2.3 A (See Appendix ) and radius -1 _ 7A) as 
lf1A.X 
>:cSee Appendix B 
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it rotates about an axis perpendicular to the plane which 
intersects the methyl and three phenyl carbons in the para 
positions . On. the other hand, rotations of the symmetrical 
~C~ about either of the remaining two perpendicular axes in 
this plane can, to a first approximation, be assumed to generate 
a spherical volume of radius .;z vdW = 7~ Clearly, in the. 'cylindrical." 
Hl4.( 
configuration of cf"3 c+- the minimum internuclear separation on 
contact with the spherical Cl (}¥- (corr esponding to an approach 
by the latter towards the top or bottom of ~[+) is 5 .3~ whereas 
the maximum internuclear separation on contact of the CtPr with 
vlw 0 
the vlall o£ the cA c+- is C/,111kK :: lOA. As indicated in the 
Appendix, the weighted average internuclear separation on contact 
is 7 .5~. When this value is finally averaged \'lith the ct va lues 
corresponding t o the two spherical configurat ions of the cation 
v)W 0 
viz . a =LOA, an overall average value is obtained for the 
"'~,( 
/'f, { ftUJ - vt/W internuclear separation on contact in f:3 u..ulf viz , a = 
o v~ 
9. 2A. \~'hile f or purposes o.f computing rtA t his is a better 
r-o vdW' 
initial estimate of a than a,ll)( it will be shown later in 
t ne discussion t hat it is possible to arrive at the final value 
FD 0 
a = 9.4A. Table 11 on p . 59 shows that as a r esult of 
lowering the a value from 10~ to 9.4~ the difference between 
v. FO t(S 
riA and A is s omewhat increased-infact, very nearly to the 
point where on the basis of t he Student - t test, significance 
corresponding to the 95% confidence level can be demonstrated. 
In the case of lYle Pyl"" P i c both cat i on and an :Lon are planar 
and therefore many more possibilities exist f or contacts between 
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not difficult to imagine that 
vJII vll'l 
Et ~< a • It is therefore 
- r~JMI ltl~ ,/Fo vS' 
a ~< a:Q,( and hence n4 << r~ • 
the counter - ions that laad to 
It is now apparent that, in general, the present Fuoss-
Onsager treatment of conductance data of the ionophoric 
solutions considered in this work tends to yield significantly 
lov1er va l ues for the ion-pair association constant than t he 
Shedlovsky treatillent . 
As has been pointed out on p. 13 this r eflects on an 
inability of the T term to compensate for the £ term in the 
Fuoss- Onsager conductance equation Eq . 36 on p . 11. 
From Bjerrum's equation 
r( = '-1-rr/'1 (__£_) (){i) 
, /DOD ])~I (66) 
where 
'1,. 
€ (67) k = a'B; Dl I 
and {)f,C) is a monotonically 
8 ' 
increas i ng function of ~ (20 )~ 
it is apparent that a 'J increases \•lith decreasing ~ . 
,/fO Vlfw 
Hence, substitution of riA (corresponding to a ) in Equation 
66 leads to considerably larger ~~· t han have hitherto been 
s 
calculated ( 2S) from ~ • This, of cours e, magnifies the 
~· vt{IV 
Original diSCrepancy betWeen a and qM~ fOr all iODOphoreS 
except Me Pyr He for which , on t he other hand , the situation is 
slightly i mproved. Further consider ation show~ however, that 
f"D 
substitution of ~ in Bjerrum• s equation is, after all , not a 
rigorously valid procedure . The explanat i on lies in an analysis 
of the basic features of the Bjerrum and Fuoss-Onsager theories. 
In the Bjerrum t heory, t he distance of closest appr oach bet ween 
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ions in an ion pair tt~· (19) could conceivably include a 
distance factor corresponding to one or more solvent molecules 
entrapped between the cation and anion (22 ,27). In the Fuoss-
f'O 
Onsager theory, however, a is defined as the center to center 
contact distance in the ion pair (9). In this sense, moreover, 
it serves as a boundary condition in the solution of the extended 
equation of continuity (18) which leads to the all- important 
Equations 39 and 40 . Consequently , it does not seem consistent 
8, ' . FD 
to calculate tt ~ {which could involve solvent molecules) from ~ 
where the evaluation of the latter s pecifically excludes from an 
ion pair extraneous species such as solvent moleucles . 
It would appear more reasonable, however , to converge 
FO 
on a final value of a with the a id of Fuoss' extension ( 7) 
of the Denison-Ramsey (5) equation: 
exr {68 ) 
FDf? 
where a is also a center to center contact distance and 
(J ~ is a constant whose physical significance is for the time 
being, still not fully understood (16 , ~7, 35a) . Because the 
D 
evaluation of ~ from first principles is still far from 
fPR 
sat is fac~ory , a is best determined from t he slope of a pl ot 
rv f I 
of k '( ~ tlJTT • 
Since the conductance data of ~ C ClO'I .are available at only 
t t t . t . . 1 1 f'D~ wo empera ures, ~ ~s more conven~ent to ca cu ate a by 
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recasting Eq . 68 into the form: 
ft>(?. €"1. [ ;D,~ - J): -r:. J 
a. :: 
:z. so'3 A ~~ J:IA.. 
II) 11 A,. 
(69 1 
where subscripts 1 and 2 r efer 0 to t emper at ur es 0 . 17 c and 
uFo uFc) 
-25 . 1~0c, respectively . Substitution of r14 and 114 
- vJW o 
1 
Fl>R ; 
corresponding to a = 9. 2A yie lded a : 9 . 6A. Further 
Fe 
substitution in Eq . 69 of ~. corresponding to this new value 
(, 
(followed by a few repet itions of this process) enable one to 
FPR 
arrive at a final value for a of 9 .4~ . This is taken to be 
the best est i mate of F" ~ • Further more , application of the 
Law of Propagation of Precision Indees to Eq . 69 and t he data 
in Tables 7 and 11 
= t (70) 
FDR 
permits the assignment of a standard deviation to ~ and hence 
FO FD~ FO 
t o a of ca. 0 . 5~ . Thus , we may vrri te a = f/, = 9. 4 1:. .5~ .. 
- vJW fO 
Assuming that for ao'l ,z. = /l- = 3R and subtracting the 
FO · FO 0 latter f rom Cl finally yields for ~ C1~ 4 = 6.4 f_ . 5A. This 
- vlkl 6 2o value is in good agreement with .4 = . A . 
As this approach circumvents the large di s crepancy between 
the Bjerrum and maximum van der Waals radius of <:}3 C -r noted 
earlier in the Introduction , it is possible t hat discrepancies 
in other ionophoric systems e •. g . ~-CJH7)11 11J: mi ght likewise be 
obviated pr ovided conductance data become ava ilable f or at least 
one additiona l temperature . For that matter it might even be 
possible to erect a new set of Fuoss - Onsager radii based on 
39a 
eonductance data and consistent with their nknown" van der llaals 
counterparts . Caut i on must, however, be exercised in the use of 
the Fuoss modification of the Denison-Ramsey Equation Eq . 68 as 
I) 
it is not yet established to what extent, if any, ~ depends 
on temperature (35a) . 
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ABSTRACT 
Beginning with Arrhenius' Theory of Ionization various 
other t heories of conduc"Cance have been revi ewed vlith 
particular regard to their applicat ion to the phenomenon of 
ion pairing . ~ese include the Ostwald Dilution Law, Fuoss-
Kraus , Shedlovsky and the recent Fuoss- Onsager Conductance 
Equations. Special emphasis is given to the basic differences 
between the latter two equations , as it is intend~d to determine 
the extent to \'lhich these equations furnish di fferent val'IE s 
of the limiting conductance Ji0 and the ion pair association 
constant from identical conductance data . 
Accordingl y , the conductance data obtained by P . Pappas 
(Boston University) fo r the follo~nng five ionophoric systems 
in liouid sulfur dioxide were analyzed : t riphenylmethyl 
perchlorate at 0 .17 and -25 ~4°C and tetraethyl ammonium br omi de , 
tetra-n-propyl~nmonium iodide , and methyl pyridinium picrate 
at 0 .17 ° C. Shedlovsky JL0 and ~ values and their 
estimated standard deviations had previousl y been obtained 
f or these systems by the method of least squares; it, there-
fore, remained only to compute the Fuoss- Onsager counter-
parts by the least squares method. 
Since in addition to Jl0 and ~ , the Fuoss- Onsager 
equation i nvo lves also the ion pair size parameter ~ 
an attempt was made to ca lculate C{, a l on....; 'lith A 0 and ~ 
using Fuoss' " ~ vs X " method. Owi ng to the method 's 
extreme sensitivity to experimental error , convergence could 
45 
not be achieved . Instead, a set of six a values including 
vdW 
the maximwn van der Waals interionic distance a et. and the 
lJ. . m J( 
Bjerrum distance parameter a~ were assumed and the corresponding 
A 0 and /~ values were computed along with their estimated 
standard deviations . To allow for a reasonable basis of 
comparison betv1een the Shedlovsky and Fuoss- Onsager A" and 
~ , the l atter pair o£ values were selected corresponding 
vdW 
to amaxfor the s pherical ionophores tetraethylammonium bromide 
and tetra-n-propylammonium iodide . L~ the case of triphenyunethyl 
perchlorate in which the anion is assumed to be spherical and 
the cation nearly planar , a statistical estimate was made of 
_vdW 
the average interionic distance a and this value was in turn 
employed as a basis for comparing F'uoss-Onsager with Shedlovsky 
ro 5 ~ , i . e • ~ vs . ftr • 
It is demonstrated that while for a given ionophore the 
two conductance equations yield essentially identical Jl 0 
values they apparently lead to significantly different rr; • 
fo vdHI 1/. S' 
In particular , rr; {corresponding to aMILr ) < \It 
for all ionophores; however, the significance of these differences. 
can be demonstrated to correspond to the 99% confidence level 
only in the cases of the spherical ionophores tetraet hylanrraonium 
bromide and tetra-n- propylammonium iodide and t he semiplanar 
triphenylmethyl perchlorate at O. l7°C. In the case of 
triphenylmethyl perchlorate at -25 .,4 °C. the rather small difference 
/ fv vdW L/s I t11 {corres ponding to d ) - n b can be increase.d to ;till.( n 
a level of significance close to the 95% confidence level when 
f"O _ vJW 
the computation of ~ is based on a rather than 
46 
vdW 
a, 111/;J( # 
In view of the planar structures of both cation and anion 
in methylpyridinium picrate i t is reasoned that if the 
,/Fo 1/S _vc/W 
comparison of nA with nA were also based on a 
(yet to be estimated) one would again discern a significant 
vfO L/ s lov1ering of r14 with r espect to (lA • This general 
behavior is attributed to the inclusion of a hi gher order 
ionic interaction term as well as an ion size term in the 
Fuoss- Onsager ecuation . 
Furthermore , since the conductance data of t riphenylmethyl 
perchlorate \tlere available at twotemperatures, it was possible 
to arrive at a final value of the average Fuoss- Onsager 
FO 
interionic distance on contact in the ion pair a by 
1./ Fo ( _ wiV) 
substituting tt,q. initially comput ed corresponding to a 
in the Fuoss modification of the Denison- rlamsey Equation . The 
-o 
value thus obta ined a' = 9. 4 f_ .5~ agrees very uell with 
the initial estimate of aFo (}:-a vdkl = 9 .. 2~ .. 
A study was also conducted on the effect of weighting of 
the X , Y points (which are obtained from the raw 
data)on the least squares evaluation of .A0 , If; and their 
estimated standard deviations . In particular , two weighting 
procedures were employed both of which are based on a sole , 
constant error in the solvent conduct ivity. It is demonstrated 
that neither procedure is adeauate for treating the set of data 
under study as they are not concerned with tne overall 
uncertainty of the data. 
A. 
APPENDIX 
Calculation of the Half-Thickness of the "Cylindricaln 
Volume Generated by the Rotating ¢3c-t- . 
47 
As mentioned earlier on page 34 , the phenyl groups in 
~3c+ are- orie~t~d at an approxi mate angle of 30° with r espect 
to' the plane which accomodates the para and central carbon 
atoms . This will be denoted as the base plane . Fi gure Al 
is a geometric representation of the tilt of one phen~l group 
in the "Z. 2' plane relative to. the base plane fi . Positions 
I I A, E, F , F and E are occupied by the cent"ers of a hydrogen 
and four aromatic carbon atoms, respectively, in the Z r 1 p lane 
whereas 0 , P, R and S represent the atomic centers of a methyl 
carbon, two aromatic carbons and hydrogen , respectivelyr which 
are located on an axis cormnon to both planes . When the cation 
rotates about an axis perpendicular to t he XX1 plane at 0 , it 
generates an essentially ncylindrical" volume whose half-
thickness, k is gi ven by the sum of the distance Al and the 
vdW 
van der Waals radius of hydrogen viz . ./lH : 1.2~. AA1 
is determined by solving t he right triangle AA'B situated in a 
I I 
plane t hat is, perpendicular to XX. and intersects 'l: ~ at AB. 
AB is equal to the sum of the projections CE and ED of the 
known bond lengt hs AE and ER, r es pectivel y , and ~ is the known 
angle of tilt i . e . ca . 30° . Since the bond angles AEF : AER = 
FER = 120° it follows r eadily that & = 30°,as well. 
The calculations follow by v1ay of example . (Values of 
bond lengths, bond angles, and the van der ltlaals radius of 
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hydrogen are taken from L. Pauling's 3rd edition of nThe Natut'e 
of the Chemical Bond and the Str ucture of Molecules and Crystalsn 
Cornell University Press , Ithaca , New York, 1960.) 
Given.:. 1. Bond Type 
C-H 
C- C aromatic 
C- C aliphatic 
2 .. q; 0 = 30 ' & 
Find: a) AB 
b) AA 
c) 
""' 
Procedure: 
Geometric Notat ion 
AE 
ER , FE ,. PF , etc .. 
OP 
-
-
30° 
Bond Length (R) 
1 .. 085 
1.397 
1 .. 54 
a) CE - AE cos & - 1 . 085 cos 30° = 1 . 085 x . 86603 : . 9396 
ED - ER cos 8 ~ 1~397 cos 30° : 1 . 397 x . 86603 zl. 2098 
AB : CE t ED = 2 . 149 
h) AA = AB Sin r = 2 .,149 X sin 30° = 2 . 149 X . 500 : 1.074 
c.) = AA 1- vbfl /l. - 1 •. 074 . + 1 . 20 -- 2 . 274 H -
R. Calculation of the Average van der Vlaals Radius of the 
Rotating f3 c ~ . 
The solid body generated by the rotating cation is , in 
reality, not a cylinder; it is better approximated by the 
figure which is formed when t"\"lO identical frusta of right 
circular cones are juxtapositioned so that they have a corrunon 
FIGURE A2 
BODY OF REVOLUTION OF THE 
PROPELLER -SHAPED ' 3 o+ 
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axis of symmetry and their large circular bases are contiguous 
(see Figure A2) . 'l'r1us , one imagines the large circular midsection 
of the figure to have been generated by a rotation of OT in the 
I ~ 0 XX plane in Figure Al.(corresponding tc ~ = 7A). about an "'~ 
axis perpendicular to XX 1 at O. Rotation of AQ (which is the 
uppermost point on the spherical van der \'/aals s hell surrounding 
the hydrogen atom at A) about the same axis but in a plane at 
0 I 
distance _h. = 2.3A above and parallel to the XX plane generates 
either of the smaller circul ar tops in the figure. The radius 
I 
of either top is given by the distance OA in Figure Al and the 
altitude of either frustrum is simply 2 . 3~. 
Clearly, the radiua of ~3c+ which is presented to an anion 
approaching a top is 2. 3 ~.. On the other hand, the radius c 
presented to an anion approaching t he curved wall of the figure 
is the average of t he radii of the small and lar ge circles i. e . 
OA1 and OT , respectively, in Fi gure Al . On averaging c with~ 
to obtain an over all average radius J for Figure A2 , it is 
reasonable to weight c and ~ in proportion to t he areas of the 
wall and top of t he frustum, r espectively, for the probability 
of contact with an anion is presumab1y proportional to the 
area presented to it . 
d ~v Finally, the radius is averaged wit h the t \'10 radii .-z 
0 ~ 
7A which corre spond to the equally probable rotations of ~3c~ 
about either of two mutually perpendicular axes l ying in the 
I 
base plane XX • This procedure finally yields an overall average 
-vJ.W 
radius ~ which characterizes a configuration of the cation 
48c 
which is intermediate between Figure A2 and the above-mentioned 
two spherical configurations . 
As this is the most representative radius of ~3c~, it i s 
selected to be combined with the van der Waals radius of Cl04-
-vdv.f 
to yield an average interionic distance on contact tt • 
Details of the calculations follow: 
1 . Calculation of Oi in Fi gure Al . 
Given: 
OB - OP /- PQ /- QD /- DB 
.o. 1 . 54 /- PF cos 60° /- FE f AE s i n 3 0° 
1 . 54 /- 1 . 397 X . 500 /- 1 .397~ 1.085 X . 500 
... 1 . 54 1- . 6985 1- 1.397/- . 5425 
OB = 4. . 1.78 ~ 
A' B - AB cos~ = 2. 149 cos 30° = 2. 149 x 0 . 86603 ~ 1 .86~ 
Procedure : Use the Pythagorean Theorem. 
OA1 ::- p B}). 1- ( OB }'1. I = /r-(-1 .. -8-61-)-~ -~- ( 4-.-1-7 8-}'1.- - 4 . 57 4~ 
2. Calculation of c . 
c - OT t OK = z.o t 4 . 574 = 5 .785~ 
- 2 2 
3 . Surface areas of a frustrum of a right cone . 
a) Area of curved 
Let .lz, = 
!£, = 
A-
surface, f-1 . 
l?,vdW = 7 • 0~ 
ttl~.( 
OA' - 4 .57~ 
~ = 2 . 27i 
IJl = if 1 ll, t- /l1.) Jl'" t f'l, -![,. r 
M = 3 . 146 X 11. 5 7 j (-2-. -27-),_-~-( 2-.-43-)-.,. 
= 110 .9~ 
b) Area of top, N. 
N : 
-
-
~ ~ 0 
Tt (OA') - 3.1416 X {4 . 57) - 65 . 7A 
4.. Calculation of d • 
1 - L, w,-..z: = M.c ~ Ni-
a... I'-1 N 
- ~Wl · 
0 ~I ~ 
: 110, 9 X 5. 78 f 65, 7 X 2 , 27 
110. 9 7 65 . 7 
: 4. 48A 
Consequently, the average interionic di stance on contact for 
the configuration of Figure A2 is 4. 5 ~ 3.0 : 7 .5~ 
5.. Overall 
- vrlw 
1 = 
or 
average radius 
~lw d f 2 ll mu : 
3 
_vJw 6 2Ao 
/7. - • 
Consequentl y , 
- vv/r/ a : 6. 2 ~ 3, 0 = 
A! + - vcfw' 
of 13c ,. ll • 
~48 t 2 ~ 7. 0 = 
3 
6. 16 
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TABLE I 
Conductance Data and Weighting Factors for 
0 ~CClo4 at 0. 17 C 
C· /0 
) ~.;o6 A ~ w:-(, fWf 
moles/liter mhos/em mhos x cm2 mhos x em 2 
mole mole 
116. 0 159. 2 137. 2 
99 . 21 138. 8 140. 0 
51 . 76 76 . 82 148. 4 
49 . 98 74. 30 148. 7 . 19 940. 31 • 
42 . 18 63 . 50 150. 6 . 22 950. 31. 
40 . 70 61 . 05 150. 0 . 23 960. 31. 
34. 88 53 . 21 152. 6 • 27 430 • 21. 
23 . 51 36 . 80 156. 5 • 40 250 . 16 • 
21 . 52 33 . 78 157. 0 • 43 250 • 16. 
17. 94 28. 53 159. 0 • 52 160. 13 . 
17. 56 27 . 71 157. 8 • 53 160. 13 . 
15. 85 25 . 30 159. 6 . 59 110. 11. 
10. 67 17. 32 162. 3 . 87 52 . 7. 2 
9. 268 15. 09 162. 8 1. 0 42 . 6. 5 
7. 634 12 . 57 164. 7 1. 2 30. 5. 4 
7. 576 12 . 38 163 . 4 1. 2 30. 5. 4 
7. 189 11. 82 164. 4 1.3 25 . 5.0 
4. 000 6.60 165 .0 2. 3 8. 3 2. 9 
3. 269 5. 47 167. 3 2. 8 5.6 2. 4 
3. 248 5. 46 168. 1 2. 9 5. 2 2.3 
1. 404 2. 37 168. 8 6. 6 1. 0 1. 0 
1. 385 2. 35 169. 6 6. 7 1. 0 1.0 
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TABLE II 
Conductance Data and Weighting Factors for 
(C2H5) 0 N Br at 0. 17 C 
4 
S" 4 ·106 A ~ w. Jwt c . f(J 
' 
moles/liter mhos/em mhos x em 2 mhos x em 2 
mole mole 
208. 1 309. 1 148. 5 
186 . 1 284. 4 152 . 8 
152 . 9 235 . 5 154. 0 
90. 25 151.9 168. 3 
87 . 26 147. 0 168.5 
66.27 113.2 170.8 
40. 93 74. 24 181. 4 ~23 890. 30. 
39. 23 71 . 50 182 . 2 • 24 900. 30 • 
28. 74 53 . 34 185. 6 • 32 420 . 20 • 
19. 22 36. 86 191. 7 • 48 160 • 13 . 
17. 06 33 . 00 193 . 5 . 55 160. 13 . 
12.45 24.55 197. 2 .75 83. 9. 1 
9. 009 18. 02 200. 0 1 . 0 42 . 6. 5 
7. 418 14. 92 201 . 1 1. 2 29 . 5. 4 
5. 391 11. 13 206.5 1. 7 15. 3 . 9 
4. 239 8. 69 205 . 0 2. 2 9. 0 3. 0 
3 . 222 6 . 69 207. 6 2. 9 5. 2 2. 3 
2. 338 4. 92 210 . 5 4.0 2. 8 1. 7 
1. 999 4. 16 208. 1 4. 7 2. 0 1. 4 
1 . 390 2. 93 210. 7 6. 7 1. 0 1.0 
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TABLE III 
Conductance Data and Weighting Factors for 
0 (nC3H7)4 NI at 0. 17 C 
J ~./06 A ~ [w;1 c./0 w; e ' 
moles/liter mhos/em mhos x em 2 mhos x em 2 
mole mole 
80. 06 129. 8 162 . 2 
76 . 74 124. 9 162. 7 
64. 02 51 . 53 166. 2 
36. 31 62 . 72 172 . 7 • 15 160. 13 • 
33 . 22 57. 70 173 . 7 • 16 160 • 13 . 
29 . 22 51 . 53 176. 3 . 18 170. 13. 
24. 39 43 . 17 177. 0 . 22 95 . 9. 7 
14. 36 26 . 23 182. 6 . 35 44. 6 .6 
13 . 38 24 . 46 182. 8 . 38 32. 5. 7 
11. 03 20 . 38 184. 7 . 46 25 . 5. 0 
9. 050 16. 79 185. 5 . 55 16. 4. 0 
7. 418 13 . 86 186 . 8 . 67 11. 3 . 4 
6. 219 11. 71 188. 3 • 79 7.3 2. 7 
6. 101 11. 50 188. 5 . 81 7. 3 2. 7 
5. 005 9. 41 188.0 . 99 4. 6 2. 1 
4.122 7. 84 190. 2 1. 2 3. 1 1. 8 
3. 383 6. 49 191. 8 1. 4 2. 3 1. 5 
2. 786 5. 33 191. 3 1. 7 1. 5 1. 2 
2.682 5. 13 191 .1 1. 8 1. 4 1.2 
2. 288 4. 34 189. 7 2.1 1. 0 1. 0 
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TABLE IV 
Conductance Data and Weighti ng Factors for 
Methyl Pyridinium Picrate at O.l7°C 
) Ae ·/()b A ~ rw;7 C·IO if. 
' 
moles/liter mhos/em mhosxcm 2 mhosxcm 2 
mole mole 
106. 3 135. 7 127. 6 
57 . 90 79 . 73 137. 7 
46. 17 64. 85 140. 5 . 20 610. 25 . 
38. 80 55 . 61 143 . 3 . 24 630. 25 . 
25 . 99 38.61 148. 6 . 36 170. 13 • 
20.06 30.16 150. 4 - • 46 110. 10. 
17. 42 26 . 55 152. 4 • 53 110. 10 • 
11. 67 18. 19 155. 9 . 80 46 . 6. 8 
8. 718 13 . 73 157. 5 1.1 25 . 5. 0 
7. 812 12 . 44 159. 2 1. 2 21 . 4. 6 
5. 236 8. 43 161. 0 1. 8 9. 6 3. 1 
3 . 779 6. 16 163 . 0 2. 5 5. 0 2. 2 
3. 514 5. 69 161. 9 2. 6 4. 7 2. 2 
1. 637 2. 69 164.4 5. 7 1. 0 1.0 
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TABLE V 
Conductance Data and Weight Factors for 
r3 00104 at 0 - 25 . 40 c 
) 
.J.. . /06 A SA vw;' c ·/0 w. e 
" 2 2 moles/liter mhos/em mhos x em mhos x em 
mole mole 
51 . 44 59 . 30 115 . 3 
43 . 40 50 . 60 116. 6 • 21 900 • 30. 
41. 89 48. 62 116. 0 • 22 910. 30 • 
26 . 77 31 . 96 119. 4 • 35 420 • 20 . 
22 . 15 26 . 81 121. 0 • 42 240. 15 • 
18. 45 22 . 51 122 . 0 • 50 150 • 12 . 
18. 08 21. 90 121. 1 • 52 150. 12 • 
12. 53 15 . 44 123 . 2 . 74 eo . 9. 0 
9. 542 11.99 125. 6 . 98 40. 6. 3 
7. 849 9. 89 126. 0 1. 2 28. 5. 3 
7. 794 9. 73 124. 8 1 . 2 28 . 5. 3 
5. 868 7. 43 126 . 6 1. 6 16. 4. 0 
3. 365 4.30 127. 8 2. 8 5. 3 2.3 
3. 341 4. 29 128. 4 2. 8 5. 3 2. 3 
1. 446 1. 89 130. 8 6. 4 1 . 0 1 . 0 
1. 426 1.85 129. 7 6. 5 1 . 0 1. 0 
TABLE VI 
Quantities Derived from the Shedlovsky 
and Bjerrum Equations 
5 s A s 5 a· f vdW 8' Ionophore Temp °C ~ s ~ a':)· 10 cnt a · Ill Chf * ~ ~ 0 
¢ 3cc1o4 • 17 222 . 13. 173. .2 11.1± .7 9.4 Ave . 
(C2H5)4NBr . 17 467 . 25. 215. .5 6.8 ± .5 6.60 
(,rC3H7) 4 (NI) . 17 260 . 13. 197. . 2 10 .0 ± .6 8.05 
Me Pyr Pic .17 345 . 37. 168. .7 8.3 ± 1.2 9.23 
¢ 3cc104 -25.4 172. 16. 132. .2 10.5 ± 1.2 9.4 Ave . 
* (lvd~ Sum of maximum van der Waal s radii of two counterions in a lattice except where indicated t o 
be the sum of es timated average values of the radii. 
\..n 
.p.. 
8 
ti., · 10 em 
8. 
9 . 
1 o • ( v • d • vi • ) 
10. 5 
10. 9 
12 . 0 
ll . l(Bj . ) 
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TABLE VII 
Quantities Derived from t he 
Fuoss- Onsager Calculation 
No Weighting 
Af.O .sf·O 
u 2 :Ao 2 
mhosxcm mho sxcm 
1/Fot~ fiO 
fl,q 5~ 
mole mole 
173 . 2 . 3 102. 13 . 
173 . 3 . 3 133 . 14. 
173 . 4 • 3 162. 14 • 
173 . 5 . 3 176. 14. 
173 .5 . 3 187. 14. 
173 . 6 • 3 216 . 14 • 
by interpolation: 192. 173 . • 2. 222 . 13 • 
8 a.· 10 em 
4. 6 
5. 6 
TABLE VIII 
Quantities Derived from the 
Fuoss- Onsager Calculation 
(C2H5)4 N Br at 
0 0. 17 c - No Weighting 
f.O f'O F-0 5 S" f•O A() Ao ~ ~ Ste ?A. 0 A 0 
2 2 irlhosxcm mho s~cm 
mole mo e 
215 . 2 • 5 197 • 26 . 
215 . 2 • 5 238 . 25 • 
6 . 6 {v. d .vJ) 215 . 4 . 5 275 . 24. 
6 . 8 {Bj) 215. 4 • 5 282 . 24. 215 • . 5 
7. 6 215 . 5 • 5 307 • 24. 
7 . 8 215 . 5 . 5 337 . 23 . 
56 
s .s 
ff;, SK: 14 
467. 25 . 
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TABLE IX 
Quantities Derived from the 
Fuos s-Onsager Ca lculation 
(n-C3H7) 4 NI a '& 0.17°C - No weight i ng 
fiiJ '";',f) r( F o ,:. o s $ >' > 8 Ao ~ a_,. 10 em Ao SA A Sn-: s.J\o S'tr.q 0 :.4 
6. 05 197 .1 • 3 58. 0 19 • 
7 . 05 197. 2 . 3 92 . 3 19. 
8. 05 ( v. d . l~J . ) 197. 3 . 3 124 . 19 . 
8 . 55 197 . 3 . 3 138. 19 . 
9 . 05 197 . 4 'Z e t..J 152. 19. 
10.0 (Bj .) 197 . 4 . 3 178. 19 . 197. • 2 260 • 13 . 
58 
TABIE X 
Quantities ])erived from the 
FUoss-onsager CalcUlation 
0 Methyl Pyridinium Picrate at 0.17 C 
-
No weighting 
8 f•O f4) 
"{:() p-.o S' s res .J' fL• 10 em ~ 5.1\.o S'K~ 1Lo SAo SK': A (' 
"" 
7.23 169.4 
·3 248. 16. 
8.23 169 • .5 .3 281. 16. 
8.30(Bj .) 169 • .5 .3 283. 16. 168. .7 345. 37. 
9.23(v.d.W.)l69.6 • 3 311 • 17 • 
10.23 169.7 • 3 339. 17. 
11.23 169.8 ·3 365. 18. 
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TABIE:tr 
Quantities Derived from the 
FUoss-onsager calculation 
~ CCI.o4 
0 
at -25.40 C No weighting 
r.o rr.o rr:·O Fo s ? s .s 8 
" 
tl •10 em Ao 
-SA Stt;q Au ~ .5n;, 0 0 
8.o 132. 5 .2 98.3 17. 
9. 132. 6 .2 122 • 17. 
10. (v.d.w.) 132. 6 • 2 144. 17. 
l0.5(Bj.) 132.6 .2 155. 17. 132. • 2 172 • 16. 
10.9 132.6 • 2 163 • 16. 
12.0 132. 7 • 2 186. 16 • 
t74 .?~ ( bf ; n 1~-rpola-~~;,j 
9~ "'/ (!J/ l't?Ter?ola -fio1) 
;!31. 
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TABIE nr 
Quanti ties Derived from the 
FUoss-onsager calculation 
cp3 CC1o4 
0 
weighting by w; at 0.17 c 
foO f.O J{f•O r-.o As:- s .s s 8 AD ~ 51'(. 0~ ~ 5'Ci a.. ·10 em 0 A A 
8. o 173.7 ., 121. 15 • 
9. 0 173. 9 • 5 157. 15. 
10.0(v.d.w.) 174.1 .5 190. 15. 
"" 
10.5 174.2 .5 206. 15. 
l0.9(D-R) 174 .. ~ .5 218. 15. 
12. 0 174-4 • 5 250 • 15. 
11.1(Bj) by interpolation,~ 173. .2 222. 13. 
~-------•-----------------
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TABlE IDI 
Quantit ies Derived from the 
F\loss-onsager calculation 
(C 2fls) 4 N Br at 0.17°C - Weighting by W'[ 
a f•O f.O rf:r.o r.o As s r-r::(' > 
./Lo ~ Stt: fL·10 em ~ 11 sf(, o ..q l .. 0 ~ :.ti 
4.6 213. 0 • a 122. 24 • 
5.6 213.3 . a 171. 22. 
6.6(v.d.w. ) 213.6 .a 214. 22. 
6.a(Bj . ) 213.6 . a 222. 21. 215. . 5 467. 25. 
7.6 21J.a 
·1 252. 21. 
a. 6 214.0 • 7 2a6. 20 • 
J 
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TABI.E JCIV 
Quantities Derived from the 
FUoss-onsager calculation 
0 (n c3H7)4 NI at 0. 17 C .. weighting by w;; 
8 ~0 f'.() f{f.O p.o A .> S' rc5 5 ~· 10 em 3t SHA ~ ~ >tr: }l t1 'Ill 0 0 
6.05 197.5 . 5 72. 5 17. 
7. 05 197. 7 . 5 no. 17. 
8.05(v.d.w. ) 197. 9 . 5 144. 17. 
8. 55 197. 9 • 5 160 • 17. 
9. 05 198.0 .5 176. 17. 
10.0(Bj . ) 198. 1 • 5 203. 18. 197. . 2 260 • 13. 
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TABIE IV 
Quantities Derived from the 
.ll\loss ..Onsager Calculation 
Methyl pyridinium Picrate at 0.17°c - w e.i.ghting by wJ( 
f·O ftO ~FtO r.o As 5' ~5 .s 8 Ao ~ sf(. o ~ Srr. a. 10 em 0 l,q 0 
'4 
7.23 170.0 
·4 272. 15. 
8,23 170.2 
.5 309. 16. 
8.30(Bj.) 170.2 • 5 312. 16. 168. • 7 345 • 37 • 
9. 23(v.d.w.) 170.4 • 5 343. 16 • 
10.23 170.6 
.5 375. 16. 
11.23 170.7 
.5 405. 17. 
[ __ . __ 
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TABlE XVI 
Quantities Derived from the 
li\lOSS o<)nsager Ca.1ctie. tion 
cp 
3
c c1o
4 
at 
-25. 4°c 
-
\-Teighting by f.IJ::' c. 
8 Ar.o foO ~ro r:.o s s I(> s ~ sttA Ao ~ 5~r: a.· 10 em 0 I) 14 ~ II 
8.o 132.1 .5 79. 2 19. 0 
9.0 132.2 .5 106. 19 • 
10.0(v. d.w. ) 132. 3 .5 132. 19. 
10. 5(Bj) 132. 4 • 5 144. 19. 132. . 2 172. 16 • 
10. 9 132.4 . 5 154. 19. 
12.0 132. 5 .5 179. 18. 
TABlE XVII 
Quantities Derived from the 
li\loss -onsager c a1cu1a tion 
q63cc1o4 at 0.17°C Weighting by J lA.{=:' 
,:.o r.o h;;f.O f.O As s f{s s a· 108cm Jto ~ stt: ~ Str:. 0 ~ 0 !4 -C\ 
8 173.6 • 3 116. 12 • 
9 . 173. 7 .3 150. 12. 
10(v.d.w. ) 173. 9 • 4 181 • 12. 
10.5 173. 9 • 4 196 • 12. 
10. 9(D-R) 174.0 
· 4 208. 13. 
12.0 174. 1 . 4 239. 13. 
11e1(Bj) by interpolation 173. • 2 222 • 13. 
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TABlE XVIII 
Quantities Derived from the 
:FUoss-onsager CaLculation 
(C2Rs)4 N Br at 0.17°C - Weighting by ~~· ' 
8 (oo f'O ~0 fro s S' 5' s a· 10 em Ao ~ 5t( A~ ~ ~ ,S't( 0 :A 0 :.4 
4.6 214.3 • 1 162. 22 • 
5.6 214.5 .6 208. 21 • 
6.6(v.d.W.) 214.7 • 6 247. 20 • 
6.8(Bj) 214.7 • 6 255. 20. 215 • .5 467. 25. 
7.6 214.8 • 6 283. 19 • 
8.6 215.0 • 6 315. 19. 
TABIE XIX 
Quantities Derived from the 
FUoss-onsager Calculation 
(n-c3~) NI at 0.17° - Weighting by /Wi.., 4 
s s s S' 
a,. 1o8cm r:o 
FO r-·o r:·o 
Ao ~ A.o ~ ~ sf(. ~ SIC 0 ,.q () lq 
6.05 197.3 .3 67.3 14. 
7.05 197.5 .4 103. 14. 
8.05(v.d.w.) 197.6 .4 136. 14. 
8.55 197.7 .4 151. 14. 
9.05 197.7 • 4 166 • 14. 
10.00(Bj) 19'].8 
.4 193. 14. 197. • 2 260. 13 • 
8 fJ., • 10 em 
8.23 
8.30(Bj) 
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TABIEXX 
Quantities Derived from the 
FUoss-onsager Calculation 
Methyl Pyridinium Picrate at O. l7°C - Weighting by Jw/ 
169.7 .3 262. 
169.9 .4 297. 
299. 
13. 
168 •• 7 345. 37. 
9.23(v.d.w. ) 170.0 . 4 329. 14. 
10.23 
11.23 
170. 1 . 4 359. 
170.2 .4 387. 
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TABLE XXI 
Quantities Derived from the 
FUoss-onsager Calculation 
0 
- Weighting by J'~ 7 1> CCl.O at -25.40 C 3 4 
f·O r.o ~r.o r.o s s s s 8 Ao ~ Sn: Ao ~ ~ str: Cl·lO em 0 ;4 A 
8.o 132.3 
·3 85.5 16. 
9.0 132.4 • 3 ill • 16. 
10.0(v.d.w.) 132.4 • 3 136. 16 • 
l 0.5(Bj) 132.5 • 3 147. 16. 132 • .2 172. 16. 
10.9 132.5 
·3 156. 15. 
12.0 132.6 
.3 180. 1). 
TABLE XXII 
Bjerrum, Fuoss-Denison-Ramsey, and Shedlovsky-Denison-Ramsey C(. 
Values as Calculated from either the Shedlovsky or Fuoss-Onsager ~ ·** 
vd'W /{ FO Ks 
Ionophore a.. 4 ~ 
<X) 
atJ·J ,1-- as· ~· 
(R) 
afoff 
(R) 
ar- fD~ 
(R) 
sP3CCl04 at 0.17°C 9.2 Ave. 13.9. 222. . 33843 3.050 11.1 9.4 10.9 
(C2H5) 4NBr at 0.17°C 6.6 275. 467. .57373 4 . 138 6.8 
(n-C3H7) 4NI at 0.17°C 8.05 124. 260. .25805 2.738 10. 
Me Pyr Pic at 0.17°C 9.23 311. 345. .64847 4.512 8.3 
~3cc104 at -25.4°C 9 . 2 Ave. 126 . • 172. .37411 3.194 10.5 9.4 10.9 
** Definition of Symbols 
ctvJW sum of maximum van der Waals radii of two counter ions in a lattice except wher e indicated to be the sum of 
e s timated 
I{ fO average values of the radii. vd.W - vrlAI 
or a. 4 
K.S" 
;.q 
Q{J¥1 b 
a$' .. fJJ. 
Cl. f DR 
as evaluated from the Fuoss-Onsager conductance equation corre sponding to ~~4~ 
as evaluated from the Shedlovsky conductance equation. 
functions which appear in the Bjerrum equation. 
Bjerrum distance of closest approach between ions in an ion pair 5 as evaluated from ~ 
fO 
internuclear separation of ions on contact in an ion pair as evaluated from ~ at two temperatures u;ing the 
Fuoss modification of the Denison-Ramsey equation. 
a S- fPI? . 1 t. f . t t . . . 1 d f ..rS . h ~nternuc ear separa ~on o ~ons on con ac ~n an ~on pa~r as eva uate rom ' ~ at two temperatures us~ng t e 
Fuoss modification of the Denison-Ramsey equation. 
'-I 
0 
.c 
• 
,; 
!: 
.. 
0 
• lE 
l: 
u 
z 
a:: 
.. 
L 
~ 
)( 
0 
tm 
f-
-+-
1-
t-
I I 
~ f--1-+ I, 
r-~-
wt 
t..: ... t r++-.-.._.._ ___ 
l - -,-i-
L 
-L~ 
--t_f + 
.-.f 
.. ...J 
.. r-~-
! ... ~ 
t ... -. 
• +-t ~ 
a~-
:.~ 
1 ·-~--+-
1 .... -t-.,..... 
i-- +-
M:ll= 
t . ~ t i~-r~+ 
1 • .! -.-
,i +,-
T' t 
~ '-+ 
+ i-t-
i j_•-i 
In~ 
t-r-+- } 
N/.y 
..._,~ r. 
y l 
IJ J 
4= r-[~ 
~; 
-
p 
~ 
"-
~....._ f-
~~-- ~ 
~ -
-I-f i- ... r h 
ttl- : .t-1~ i.L ~ 
p ~ 
:+ -
L 
·if -r-
(..J 
i-f- -j f- f- f-
+ --t . 1 
w~ 1--r ,____ r•- r 
I r-r+. ~-1$$ ..t-1--t f-fj-
t+i R= . 
r~ '/' ~ ~ -
r7 t--~ I 
v 
17 l!r- t 
7 
1/ 
--t-f~ 
1.11'-t' 
X l 
y~ J 
~t .... 
'"""' 
I 
-!_ v 
f-+-1- 1-< f--
1- ~t 
t->- i 1-+-' I 
" 
- 1-· +, ! 1--
-
~ 
' . 
I 
i~ ·rf+ 
I 
-
' 
-++t-
Lt- j _J_ I t 
-f ~1- l± =0& :j:J ~~~ 
·-~- --++ ~ J ~ -- ~ ~ ' 
? "\ Ll ~~ - ~ ~ r---+ I . , , 
~ 1t ~~ f -tl t~ tt- -~ '. 
v_!.,-:t ~- r 
-ji t- T : -p_- >- 1 :p / t-i-t ~/J -
t-j-' tt Vr fJ ·r- + ... -
~ ;I- ... y --. 
[7T --. -
~"'~~ IL ~it 
_;j 
I f,_.--t 
-1 i-1 t'),__ l II 
I 
' 
I 
:r 
1-1 ·-
-I- - t I . 1-t· 
l ! +-
T77 
/7, 
7 
• .A' 
!/ 
'/'. 
/. 
r· 11 R= 
' T/ T 
r; ·r 
. 
~ 
~.1 T } _ 
±i 
-f-4-- P' : 
1.1?' , l i d { lll. ~ ~-1± 11-f l i+ v~ 1-t 
~~; t~ t t-L f-- T 
!1J)t I I .--+ r-1 t . 10 ~:r=-r-- . -L- -~ 
t H~~ -f-I 
i- rt- '+- l'ii i- f- >-llf 1 1 ! 1-t- 1-=~+ p~+ H-rT' 
~+ -; + ~tpr 
-
I 4--
f- I 
I- 1-
--j-tt 
I I 
H 
·-
7l 
.---
+-t V-~.l 
T. I y 
-~ 
vH ~ t-
1/ 
v 
1/l 
~ 
~ 
r-
.. 
+ttl ~± •1--+~-+ 
u~-t t-,_ + 
+ ~ -~ 1 -r~ 
-t-ti·-
+-+ I ~- __.]_ 
• ·I_± --"~ 
~~ 1-+-t--+H+ 
u- lgt--t+t± ' ~ 
.. . t I 
1 ' t- ' j !.=:_-+ 
-+ ... ....., ' 
j!?t-t •.. t ·-i· I 
l ~ • --t-
f i-~--~ I t-~ t ~ • t t 
t ~ ' j i 1 ~r 
+ ~ +-t ~-1 • ('t'\ .. 
.f.. -·. . 0--·-
..., .. 1 t· .. ,..,. . 
t-· r 1"-f kf]~i + ...... -r~ · . 
I 
1 J-.. J l -t 
-t rt- -t 8= 
~ f ·_!_ ~-
! 
l ff 
f- t- t-
N 
('(\ 
0 
N 
N 
...-1 
:i 
J: 
I) 
z 
a: 
"' IL 
2 
)( 
0 
72 
I H-+-+++-H-+-++++-H-+-+++-H- +--t--t-+-+-+-+--+ t . ~­
-r~HH4+~HH44-~~~~ -~~ 
R= t -+-+---r-H-+-+-+-+-+-·+-+--H-4-+-+-+-H--+-++-+-<~+-+-+-+-+ ++t-i-1H -+-+-t--+-H>-t-++++-J-1>-t-++++-H>-t-++++-H--+4 
tJ 1 
P r-r +-+--+-+-+-++-+-+-+-+-+--+--+--+-IH--+-+-H-++-~  
~H~-t-+++-HH~++++-HH~++~HH4++++-H~ 
i 
+ H--
~ -+-f-H-+-+++~ ·+-+-H-l-+-+-+-.--+-+-~-+-+--+.+-+-J---ji--+-+..J-+--+-+-l -+-+-! -+++I 
~YH++rH~~~~++-H- 4-+-l~-H-HH~~ f { ~ ~ r-t-t ..f"-+c...-+-+++-t-+-+-+-+-++-+-r-+_+, +-~:H-+++-~ +-+-+-++--~--t--r-+-+-+-+-1 +-f I- h-= H-+ 
l r. !' r4~i=ir1-H l 1-rr-r-- ~'1--H--+-++++--!-H-+-h--l--t--+-.!--1-4 -t-t--rttt~--++~-rl 
i--1-+J-+-l--H f-
LL.J-l-.J...J...J....L.LI....lW....L..L..J.....J.....L.LL.....i......l..;1...J....I......I-J...J......I-l-.J..--!-("~- - ~....:1. ,- -L....J....I.....I-!...I..-J~-+-J--..1.....1-~.....J,.....o.- -L.....l..,I...J...J......I"-L....I.--L.....L.~ 
....- "' N N N 
![ 
" I. 
< I. 
[ 
L 
~X 
'~ 
t 
.. ct: 
' .. ~ L 
~ 0 
) -
>< 
) 0 
~ -
1- f-
- r 
_{ j f-t-I 
h ] ~ ~:± 
. I 
..., 
-i-
1 .. 
"i 
i 14-
~ 
t+~ ~ 
T·H+ ~h 
~ t ~ ~~ "( 
I 
-l-l J I 
1 1 I-~11~ -~ r- f f-f-
1- ·+ 
.;. ~-tr- ~~ ..... ~ ffi fT _L 
+ H-~ t-l±l:_ I+ =1-~-t---
1-
-+-H-·1-r- -+-H-jf, rr +I- --l f -~ t-H-"-++ + 
I I I L 
~* f+ ~ rz 1- . I\ ~ -l 1- _J_ 
i -t+:: 4-
·t-rW- . ' J 
H-+ I I li ~-~ 7 [;= 1" 
1- T ~ ';Fv 
II 7 ..... 
.I 
~- l 
_, 
1\ 
., 
i.(J_.. .1, j .. 
__ )_ ~ 1 ..-,-T >-f..! 
-~ _ _.._1-· 
it~~· 1-- . r -~. 
1- ·+ +- . 
1- ·r-·t-+ . 
I 
-+ I 
-
1-
t- -~ 
-t-
+ ·I-t-... ~-i -
~* -++i q=p- • 1 Y. -FF R= ~.~ -l-1 lf t/, ~ 1-+-_.I v Vi ~+=- +- H- /U ~ 
~;fi '/ t ttt ~,1 l ~r±t 'I • 
#[ ~~ ~ 13~ 
1- t •. u. II I t 
~AZ ~l ~ t- ~ .. : ~ ff, 1 +. .. 1 
~.it · ~Lt W: {. 
-t4J ~1- 1 . ~-~1 ·r · 
f/ 1 - ~- ~- · t . r b(.._..::J ~ J. ~ 
..._ ...... 
w Wi 1- t 1--
-~ 
t 
( 
I 1-R= 
·-r-
I 
I~ • 
!"t-r 
--~ 
-+-t 
IJ 
:r 
1\. t-
\II 
-
, .. 
, 
" 
Att I 1-'T~t~ I T f- ""1 
-rH Tf-
~u 
~-T 
iH l i 1- ~ ~ !-i-t- T 
m~ -It: ::t + "-I-
~-t +- I 1-f-I 
=i-fj-f H- f-t: T t-i + 
..L+.J. +- :j: -l r-i -I-~ t; 
ril- t+ l-1 
rt+~ + ~-
f-. i I Y-t l-l 
+·+ -+L f-~ -rr t-
T 
l 
., 
.. . 
~ 
J. • t 
H-t 
I: 
f-
1-
73 
1 ! 
-t \ 
l_ 
t 
l_ 
I 
_l l 
I 
bE i-tt- . 
-L 1 +- 1-
. 1-
I 
r...- l t-t~ l=!lt t 1-~- f-
-stt· 
-: f- 1-T + 
~L -~Jf 
,J-t-q ~f-.... t-
~ ~~-R for: ~ f-
[IFf 
-l-
I 
N 
0'-
r-1 
N 
~ 
N 
0 
N 
-q 
·~ , 
w 
-4' 

II: 
.. 
L 
< 
L 
r 
L 
~:r 
I.!)U 
z 
z-
"'c 
""' ~L
~0 
o-
>< 
00 
-:--
0 
• fl 
,.. 
75 
r 
-H--H-+-t++-+-t+++-H-t-+-+-H-++++i H-t-+-t HI--+++-H-+ H H-++-+-+--+-+-+-++-HH-++-+-t-+ : ~­
+-+-+-+4 +-+-+--~+t-~-t-~-l-++i-t--H-+++i-H--+-++1+f-H-++++-f-H++-t--t-1t-H-t+-t--t-1t-H+++-Hrt- ... r- .... 
HH4+~HH4++rHH~~HH~~HH~IH~++rH~+TrH~!TrH~TT~~~rH~ 
r·+-r+++' -H-H +-•-++++..-+-1H-++++-HH-+++·t+-iH-t++-t + +-_;-~;!~:trtl .+-f~;!;trt-t+~+!r=i-t+f-1:, . H± +t~l--+-t-t-+-~1--+-t-t++-H~~-t+~H-t+++-H+~~+HH-++++-Hi~+++-HH-t++t~W++~H 
-1 . ·ttl · ~- ~1 t- .-t+ ~-~ !L-;j -t · I +~++-H-+-t+++-IH-t-H-H-t--t++-i++t-H 
n h- l+""t...._~~-1-t-.t~t:tr:t..t-tJ:-i-h-'l't-'-tJN/~r! _; tti:ft-l+J. +-HH-t-t+-+-HH-++++-HH-+-+-t-+-H'-H--+-t-H -t-t-++-+-t 
++rH~+-+-·-H~++HH~~~~~c +t-+++H-~ i-rrlH-+++HH~++~~++HH~++HH~~ 
- '. -t-+-J +-+-+~ 
